Abstract The production of microbial biofuels is currently under investigation, as they are alternative sources to fossil fuels, which are diminishing and their use has a negative impact on the environment. However, so far, biofuels derived from microbes are not economically competitive. One way to overcome this bottleneck is the use of microorganisms to transform substrates into biofuels and high value-added products, and simultaneously taking advantage of the various microbial biomass components to produce other products of interest, as an integrated process. In this way, it is possible to maximize the economic value of the whole process, with the desired reduction of the waste streams produced. It is expected that this integrated system makes the biofuel production economically sustainable and competitive in the near future. This review describes the investigation on integrated microbial processes (based on bacteria, yeast, and microalgal cultivations) that have been experimentally developed, highlighting the importance of this approach as a way to optimize microbial biofuel production process.
Introduction
In the midst of the world energy crisis, third-generation biofuels (derived from microbes) have been considered to be viable fuel alternatives (Antoni et al. 2007; Li et al. 2008;  Lopes da . Microbial biofuels are a renewable source of energy, do not contain sulfur, and are highly biodegradable (González-Delgado and Kafarov 2011) . So far, the major obstacle for commercialization of biofuels obtained from microbes is still the high production cost involved. Therefore, it is crucial to explore approaches to reduce the costs of microbial biofuel production processes, by using low-cost raw materials and/or coproducing high value-added products. However, most of the published studies focusing on microbial biofuels describe the production of only one microbial biofuel. This means that the other available and valuable remaining microbial products or components in the microbial biomass are undervalued and lost.
In fact, some microbial producers may also produce intracellularly high value-added products such as carotenoids, polyunsaturated fatty acids (PUFAs), carbohydrates, and proteins. These products may be recovered and used in a real biorefinery integrated process in diverse industries such as food, pharmaceutical, nutraceutical, cosmetic, and chemical ( Fig. 1) . Such approach will take advantage of the various products synthesized by the microorganisms and of the microbial biomass, therefore maximizing the value derived from the whole process, with a desired minimal environmental impact. In this way, the economics of the process may be greatly improved, as the high value-added products (such as carotenoids and polyunsaturated fatty acids) may sustain the microbial biofuel production.
This review will focus on the integrated microbial processes involving bacteria, yeast, and microalgae, aiming at the coproduction of two (or more) products. At least, one of the microbial products is a biofuel (biodiesel, bioethanol, biomethane, biohydrogen, or bioelectricity) and the other(s) are high value-added products directed to a wide range of applications and markets.
Bacteria

Biofuels + chemicals
Unlike other microorganism, with regard to bacteria, it is relatively easy to use biological, genetic, and metabolic engineering technology to modify their performance to improve their oil and chemical accumulation. Indeed, many gene expressions in fatty acid synthesis are already understood in bacteria (Alexander et al. 2007; Li et al. 2008) . Nonetheless, there are still very few works describing bacterial integrated processes for biofuels and high value-added products (Table 1) .
One successful example resulted from a collaboration led by researchers from the U.S. Department of Energy's Joint BioEnergy Institute (JBEI) (Steen et al. 2010 ) which developed an engineered strain of Escherichia coli bacteria to produce structurally tailored fatty acids (for biodiesel) and other important chemicals derived from fatty acids such as fatty alcohols and waxes. The strain attained the fatty acid ethyl ester (FAEE) productivity of 14.04 mg/l h of glucose, higher than the lipid productivity reported for other microbial sources (Lim et al. 2012) . By genetic manipulation, the authors were able to change the FAEE composition in order to achieve the best composition (from C12 to C18) for biodiesel purposes, proving that the genetic tool provides a means to easily manipulate the FAEE composition. Huo et al. 2011 , in a novel approach, used microbial biomass from different sources [yeast (Saccharomyces cerevisiae ), bacteria (E. coli , Bacillus subtilis ), and microalgae (Chlorella vulgaris , Porphyridium purpureum, Spirulina platensis, Synechococcus elongates)] previously digested, as a protein source to culture E. coli strain YH83, and produced 4 g/l of biofuels [∼50 % isobutanol, 47 % C5 alcohols (2-methyl-1-butanol and 3-methyl-1-butanol), and 3 % ethanol], which represents 56 % of the theoretical yield. The novelty of this work also consists in the use of proteins to produce biofuels, in contrast with the current feedstock which is based on carbohydrates and lipids. Ramachandran et al. (2011) reported the identification, characterization, and end-product synthesis of a newly identified mesophilic, anaerobic Clostridium sp. strain URNW, capable of producing hydrogen and ethanol. Metabolic profiling was used to characterize the putative end-product synthesis pathways of the Clostridium sp. strain URNW, which was found to grow on cellobiose; on hexose sugars, such as glucose, sucrose, and mannose; and on sugar alcohols, like mannitol and sorbitol. When grown in batch cultures on 2 g/l of cellobiose, the Clostridium sp. strain URNW showed a cell generation time of 1.5 h, and the major end-products were hydrogen, formate, carbon dioxide, lactate, butyrate, acetate, pyruvate, and ethanol. The total volumetric hydrogen production was 14.2 mmol/l and the total production of ethanol was 0.4 mmol/l. The maximum yield of hydrogen was 1.3 mol/ Fig. 1 Example of integrated microbial bioprocesses (including biotransformations and biorefineries based on microbial biomass) and how it may integrate concern several related industries (adapted from Subhadra and Edwards 2010) mol glucose equivalent at a carbon recovery of 94 % (calculated as the ratio between the sum of the product carbon contents and the sum of the substrate carbon contents).
Yeasts
Lipids (for biodiesel) + carotenoids
Most of the published works reporting the coproduction of biofuels and high value-added products from yeasts focus on lipid and carotenoid coproduction (Somashekar and Joseph 2000) (Table 1) . Among oleaginous microorganisms, yeast has advantages over bacteria, molds, and algae due to its high growth rate and rapid lipid-accumulating ability in discrete lipid bodies. Moreover, biodiesel production from yeasts is of particular interest for countries located at higher latitudes, wherein autotrophic microalgae may be less suitable.
There are a number of yeast strains which are producers of appreciable amounts of lipids that can be used as a biodiesel feedstock (Li et al. 2008; Razani et al. 2007; Schneider et al. 2012 ) and carotenoids with commercial interest (Frengova and Beshkova 2009 ). The latter compounds represent a group of molecules for pharmaceutical, chemical, food, and feed industries, not only because they can act as vitamin A precursors but also for their coloring, antioxidant activity and possible inhibition of tumor activity (Tanaka et al. 2012 ) and cardiovascular disease (Giordano et al. 2012) . In fact, microbial sources of carotenoids have received increasing attention because of the restricted rules and regulations currently applied to chemically synthesized/purified pigments (Frengova and Beshkova 2009) .
Most of the published works reporting the production of lipids and carotenoids from yeasts concern the use of low-cost fermentation media. Indeed, the use of low-cost substrates may reduce the overall microbial process costs. Glycerol, a byproduct from the biodiesel industry, has been used to grow yeasts to obtain lipids and carotenoids. Razani et al. (2007) used technical glycerol and ammonium sulfate to improve carotenoid and lipid production from the yeast Sporobolomyces ruberrimus (ATTCC 66500) but only attained 13 % lipids (w/w) and a total carotenoid concentration of 2.80 mg/g. In a fed-batch fermentation using glycerol at a concentration of 9.5 % and carbon-tonitrogen (C/N) ratio of 85, using the yeast Rhodotorula glutinis TISTR 5159, Saenge et al. (2011a) attained a cellular lipid content of 60.7 % (w/w) corresponding to a lipid production of 6.07 g/l and a carotenoid production of 135.25 mg/l.
Other low-cost substrates have been used to produce lipids and carotenoids from yeasts. Saenge et al. (2011b) used palm oil mill effluent as a medium substrate in a R. glutinis TISTR 5159 semicontinuous fermentation and reported a maximum lipid content and lipid and carotenoid concentrations of 67.27 % and 7.4 and 188.55 mg/l, respectively, after 144 h et al. (2011) of cultivation. Schneider et al. (2012) used a few low-cost substrates from food wastes, such as wastewaters from potato, fruit juice, and lettuce processing to produce biodiesel and carotenoids using the yeast R. glutinis (CBS 20) . However, no significant increase in lipid content was observed. The authors attributed these results to the lack of available carbon in juice and lettuce processing wastewaters and to the excess of available nitrogen in potato processing wastewater. One of the most important variables that affect lipid and carotenoid production in yeast is the C/N. Somashekar and Joseph (2000) studied the effect of C/N on the simultaneous lipid and carotenoid Rhodotorula gracilis CFS-1AU production and found that the yeast produced the highest lipid content (55 % w/w ) at the highest C/N (160:1), while the highest carotenoid content (26 mg/g dry cell weight) was attained for the lowest C/N (10:1). The authors explained this observation by the fact that carotenoids are a secondary metabolite in Rhodotorula and begin to be formed during the very late stationary phase, while lipid accumulation occurs always during early stationary phase. However, Saenge at al. (2011a) , using a response surface methodology, found that both R. glutinis TSTR 5159 lipid content and carotenoid production increased with the increase in C/N ratio (optimum C/N of 180 and 170 for lipid content and carotenoid production, respectively). Such different responses to different C/N may depend on the yeast strain studied as expected, since it is well known that lipid and carotenoid contents are strongly dependent on the yeast growth conditions and the microbial strains (Maldonado et al. 2008; Marova et al. 2011 ).
Mathews
Fuel + feed
A "feed+fuel" sugarcane platform producing bioethanol and yeast biomass as a source of single-cell protein (SCP) for highprotein animal feed supplement has been proposed by Mathews et al. (2011) . The yeast SCP could partially substitute for grass in the feed of cattle grazing on pasture and thereby potentially realizing land for increased sugarcane production with minimal land use change effects. Applying the concept to the Brazilian ethanol and livestock industry, the authors' model demonstrated that it would be technically feasible to raise ethanol production threefold from the current level of 27 Gl to over 92 Gl. The extra ethanol would meet biofuel market mandates in the USA without bringing any extra land into agricultural or pastoral use. The analysis demonstrated a viable way to increase biofuel and food production by linking two value chains as called for by industrial ecology studies.
Microalgae
Microalgae are, by far, the most studied microorganisms as microbial biorefineries are aiming at biofuel and high valueadded coproduction. Despite growing slower than yeast and bacteria, autotrophic microalgae are efficient CO 2 fixers as they are sunlight-driven cell factories that convert carbon dioxide into potential biofuels, foods, feeds, chemicals, and high-value products. The ability of microalgae to fix CO 2 with the concomitant O 2 production has been proposed as a method of removing CO 2 from flue gases from plants and, thus, can be used to reduce emissions of greenhouse gases (Lam et al. 2012) (Fig. 1 ). In addition, autotrophic microalgae production is nonseasonal, with the possibility of harvesting daily; may take place on nonarable land (e.g., desert and seashore lands, saltpans, and rocky and sandy areas); and can use nonpotable water (Gouveia 2011) .
Microalgae can be an excellent substitute for fossil liquid transportation fuels that include ethanol, biobutanol, hydrogen, gasoline, diesel, and jet fuel. Recently, more and more studies are showing the benefits of algal biomass as a nextgeneration advanced biofuel feedstock for sustainable biofuel production (USDOE 2009; FAO Aquatic Biofuels Working Group 2010; Subhadra and Edwards 2010) (Fig. 2) .
However, so far, the cost-effective biofuel production from microalgae is still unfeasible and unsustainable, both from the economic and environmental point of view. Nevertheless, based on the expectations of John et al. (2011) and Waltz (2009) , large amounts of biomass will soon be available at an acceptable cost, as the design and performance of the photobioreactors will be more efficient, harvesting methods and strategies will be more effective, and all the biomass downstream processing will be cheaper. In this way, the new designs and technologies will contribute to a high microalgal biomass production, at lower prices. An integrated process considering the various biotransformations and biomass biorefineries is the best solution to maximize economic and environmental benefits while minimizing waste and pollution (Briens et al. 2008; Singh and Gu 2010) . emphasized that the feasibility of microalgae production for biofuels must be based on the use of all biomass components (e.g., proteins, lipids, and carbohydrates). A microalgae-based integrated process could encompass a wide range of possible products and related industries (Fig. 2) which can bring numerous sustainable deliverables to the society (Singh and Gu 2010; Subhadra 2010) . A few experimental works have been published using microalgae to obtain two or more biofuels, or biofuel and high value-added products, within this concept (Cherubini 2010) (Table 2) .
Theoretical reviews with the integration processes that include the production of biofuels and coproducts from microalgae have been performed (Subhadra and GrinsonGeorge 2011; Brennan and Owende 2010; Parmar et al. 2011; Koller et al. 2012; Pires et al. 2012) . The more focused applications are biodiesel, bioethanol, biogas, and biohydrogen production (Pienkos and Darzins 2009 ). The whole algae or algal oil extracts can be converted into different fuel forms, such as biogas, liquid and gaseous transportation fuel, kerosene, ethanol, aviation fuel, and biohydrogen through the implementation of processing technologies such as anaerobic digestion, pyrolysis, gasification, catalytic cracking, and enzymatic or chemical transesterification. The valuable coproducts present in the microalgal biomass mainly referred are PUFAs, omega-3 fatty acids, fertilizers, plastics (e.g., PHA), recombinant proteins, and pigments, such as lutein and astaxanthin. They can be produced from abundant and inexpensive raw materials (sunlight, CO 2 , and inorganic nutrients found in the wastewater) (Subhadra and Edwards 2010) (Fig. 2) .
The following sections will describe the microalgal integrated processes (biofuels + products) reported so far. It should be remarked that, to date, the publication of heterotrophic microalgae biorefineries is scarce and, to the authors' knowledge, is restricted to the work of Liu et al. (2012) . (2012) a Biohydrogen production by auto-and heterotrophic way Biodiesel + biogas (methane) Sialve et al. (2009) compared and reported the production of biogas under two strategies: the direct anaerobic digestion over the whole microalgae biomass and the indirect one, where the biogas was produced from the algal residue after the lipid extraction for biodiesel production. They concluded that when the lipid content of microalgae is lower than 40 %, the direct strategy of energy recovery from the whole cell biomass can be an interesting strategy in terms of an energy balance basis. In this case, the biogas production is preferable for the energetic recovery of the biomass in detriment of the microalgal lipidic extraction (Sialve et al. 2009) .
A process integrating lipid recovery from C. vulgaris biomass and methane production from the remaining biomass after lipid extraction, has also been proposed by Collet et al. (2011) . The authors demonstrated that, in terms of life cycle assessment (LCA) the methane production from algae (algal methane) is the worst case, in comparison with algal biodiesel and diesel, in terms of abiotic depletion, ionizing radiation, human toxicity, and global warming potential impacts. These negative results are mainly caused from the strong demand in electricity. For the land use category, algal biodiesel revealed, as well, lesser impact than algal methane. However, algal methane is a much better option in terms of acidification and eutrophication. According to Sialve et al. (2009) , the methane yield of Dunaliella salina is between 0.440 and 450 ml CH 4 /g volatile solids (VS), which is much higher (around 50 %) for a shorter hydraulic retention time (HRT, 18 days) than the corresponding values reported by Collet et al. (2011) using C. vulgaris biomass.
Another work concerning the simultaneous production of biodiesel and methane was done by Ehimen et al. (2011) who performed an anaerobic digestion from the Chlorella residues resulting from a direct transesterification on the microalgal biomass to obtain biodiesel. For a temperature of 40°C and a C/N mass ratio of 8.53, a maximum methane concentration of 69 % (v/v) with a specific yield of 0.308 m 3 CH 4 /kg VS was obtained. No biodiesel yield was reported in this work.
Biodiesel + biohydrogen
The lipid-extracted microalgal biomass residues (LMBRs) can also be used to produce biohydrogen, a clean and efficient energy carrier, since the combustion only produces water as by-product. Yang et al. used Scenedesmus residual biomass derived from an oil extraction process as a substrate in an anaerobic fermentation process to convert the LMBRs into hydrogen and found that the most effective hydrogen production (82.82 ml/h) was obtained from fermentation using 36 g/l at the initial pH of 6.0-6.5, using the heat-treated anaerobic digested sludge as an inoculum (Yang et al. 2011 ).
Biodiesel + bioethanol
Microalgae biomass contains cellulose, which can be used as a source of carbon in the fermentation process to produce ethanol (González-Delgado and Kafarov 2011). The chemoenzymatic saccharification and bioethanol fermentation of the residual biomass of Dunaliella tertiolecta after lipid extraction (for biodiesel production purposes) were investigated by Kim et al. (2013) . The bioethanol was produced from the enzymatic hydrolysates without pretreatment by S. cerevisiae with yields of 0.14 g ethanol/g residual biomass and 0.44 g ethanol/g glucose produced from the residual biomass.
According to these authors, the residual biomass generated during microalgal biodiesel production could be used for bioethanol production, in order to improve the economic feasibility of a microalgae-based integrated process.
Biodiesel + electricity
According to Chisti (2007) , some of this residual biomass after lipid extraction may be used to produce methane by anaerobic digestion, which can be used to generate the electrical power necessary for running the microalgal biomass facility, reducing the cost of making microalgal biodiesel.
Biodiesel + carotenoids
Campenni ' et al. (2013) reported Chlorella protothecoides as a source of lipids and carotenoids, when grown autotrophically, under nitrogen deprivation and addition of 20 g/l NaCl solution. The total carotenoid content was 0.8 % (w/w ) (canthaxanthin (23.3 %), echinenone (14.7 %), free astaxanthin (7.1 %), and lutein/zeaxanthin (4.1 %)). Furthermore, the total lipid content reached 43.4 % (w/w), with a fatty acid composition of C18:1 (33.6 %), C16:0 (23.3 %), C18:2 (11.5 %), and C18:3 (less than 12 %), which is needed to fulfil the biodiesel EN 14214 quality specifications (EN 14214 2008) . Liu et al. (2012) highlighted the possibility of using Chlorella zofingiensis to deal heterotrophically with industrial wastes (waste cane molasses) to produce profitable biodiesel as well as the high-value carotenoid astaxanthin. Pretreated with cation exchange resin to remove the metal ions, cane molasses provided better productivities of biomass, lipid for biodiesel, and astaxanthin (1.55, 0.71 g/l day, and 1.7 mg/ l day, respectively) than glucose.
Domestic wastewater was used to grow microalgae and produce biodiesel and other products. Mostafa et al. (2012) evaluated the growth and lipid, glycerol, and carotenoid content of nine microalgae species (green and blue green microalgae) grown in domestic wastewater obtained from Zenein Wastewater Treatment Plant from Giza governorate, Egypt. The authors cultivated the different species under different conditions, such as without treatment, after sterilization, with nutrients and with sterilization, and with nutrients and without sterilization, at 25±1°C, under continuous shaking (150 rpm) and illumination (2,000 lx) for 15 days. The highest biodiesel production from algal biomass cultivated in wastewater was obtained by Nostoc humifusum (11.80 %) when cultivated in wastewater without treatment and the lowest (3.8 %) was recorded by Oscillatoria sp. when cultivated on the sterilized domestic wastewater. The authors concluded that cultivating microalgae on domestic wastewater combines nutrient removal and algal lipid production for potential use as a biodiesel feedstock. Additionally, using the domestic wastewater, as nutrient media for microalgae cultivation, is suitable and nonexpensive method as compared to the conventional cultivation methods for sustainable biodiesel and glycerol.
Biodiesel + pigment + biohydrogen
The biorefinery reported by Nobre et al. (2013) and Ferreira et al. (2013) is based on the marine microalga Nannochloropsis sp. biomass and described the pigment and oil extraction, and from the remained biomass, the biohydrogen production by dark fermentation. Supercritical fluid extraction (SFE) was used to consecutively extract pigment and oil for food/feed and biodiesel purposes, respectively.
The best operational conditions to extract 33 g lipids/100 g dry biomass were found to be at 40°C, 300 bars, and a CO 2 flow rate of 0.62 g/min. When supercritical CO 2 doped with 20 % (w/w ) ethanol was used, it was possible to extract 45 g/ 100 g dry biomass of lipids and recover 70 % of the pigments.
The remaining biomass was even harnessed as a substrate to produce biohydrogen through dark fermentation by Enterobacter aerogenes, at a yield of 60.6 ml/g dry biomass.
Biodiesel + algal meal + glycerin Subhadra and Edwards (2011) analyzed the water footprint of two simulated algal biorefineries (biodiesel, algal meal, and omega-3 fatty acids). The authors highlight the advantages for multiproduct to attain high operational profit with clear return on investment. The energy return of algal biodiesel at different scenarios ranged between 0.042 and 0.016 MJ.
Biohydrogen + biogas Mussgnug et al. (2010) studied the hydrogen production by the microalga Chlorella reinhardtii prior to an anaerobic fermentation of the residual algae biomass to produce biogas (methane). The authors reported an increase in biogas generation to 123 % (±3.7 SE) when biomass after the hydrogen production cycle was used, compared to fresh algal biomass. The authors attributed these results to the storage compounds, such as starch and lipids with high fermentative potential, which is the frame of a microalgae-based integrated process that could be used for more value-added applications. The increased content of easy degradable storage compounds is a good explanation why the residual biomass after hydrogen production is a better substrate for biogas production compared to fresh biomass.
Biohydrogen (autothrophic) + biohydrogen (fermentative) Marques et al. (2011) studied the photoautotrophic H 2 production by Anabaena sp. under different intensities and gas atmospheres and showed that this production is technically viable. The authors revealed that the best hydrogen yield (0.0128 kg H 2 /kg biomass) was achieved for Ar + CO 2 + N 2 gas atmosphere with high light intensity (678 W).
Afterwards, from the Anabaena leftovers, a fermentative biohydrogen was produced by E. aerogenes bacteria, and the hydrogen yield was further increased by 8.1 %. Ferreira et al. (2012) on their work in Life Cycle Inventory (LCI) related to the energy consumption and CO 2 emissions of this photoautothrophic and fermentative hydrogen production from Anabaena sp. showed that the best value for H 2 production was obtained for Ar + CO 2 + 20 % N 2 gas atmosphere and medium light intensity conditions. The H 2 yield for this case was 0.0114 kg H 2 /kg biomass which had a rough energy consumption of 1,538 MJ/MJ H 2 and produced 114,640 g CO 2 /MJ H 2 . This hydrogen yield was increased to 0.0126 kg H 2 /kg biomass by means of using the residual Anabaena biomass as a substrate in the fermentative process. However, this increase was at a detriment of higher energy consumption of 12.0 % and CO 2 emissions of 12.1 %.
The authors highlighted some improvements which allow the decrease in the energy intensity of the whole processes, such as the elimination of the artificial light during cyanobacteria culturing (by using solar light), the centrifugation process for cyanobacteria preconcentration, and the use of wastewater rich in nutrients and an electricity mix with renewables. These can have a positive impact by reducing energy and CO 2 emissions by 66 % with respective values of 535 MJ/MJ H 2 and 39,916 g CO 2 /MJ H 2 . With a hydrogen yield of 0.1 kg H 2 /kg biomass and a 80 % renewable electricity mix, the values decrease to 26.5 and 1,659 g CO 2 /MJ H 2 .
Biogas + biodiesel + biohydrogen + high value-added products Accordingly to Park et al. (2011) , a niche of opportunity may exist where algae are grown as a by-product of high-rate algal ponds (HRAPs) operated for wastewater treatment. In addition to significantly better economics, algal biofuel production from wastewater treatment HRAPs has a much smaller environmental footprint compared to commercial algal production HRAPs which consume freshwater and fertilizers.
Olguín (2012) presented an integrated municipal wastewater treatment of oleaginous microalgae-bacteria consortia. In this integrated system, the recovery of microalgae, together with the use of seawater supplemented with anaerobically digested piggery waste for cultivating Arthrospira (Spirulina), could produce biogas, biodiesel, hydrogen, and other high value-added products (e.g., PUFAs, phycocyanin, and fish feed). The author highlighted that this kind of strategies offer new opportunities for the cost-effective and competitive production of biofuels along with valuable nonfuel products.
Biofuels + bioelectricity
According to Subhadra (2010) (Fig. 3) , an integrated renewable energy park (IREP) approach can be envisioned by combining different renewable energy industries, in resource-specific regions, for synergetic electricity and liquid biofuel production, with zero net carbon emissions.
Although a theoretical maximum production rate of 46,770, 000 l/km 2 has been proposed by many studies, 4,677,000 l/km 2 is a conservative algal production rate in line with practical applications of current technologies (Subhadra 2010) . With intense production optimization research, this rate could be doubled (9,354,000 l/km 2 ) in the coming decades (USDOE 2009). Wind and solar energies are infinite from a resource standpoint. However, there is a finite amount of land available for harnessing any type of renewable energy. By properly studying resource locations, a valid IREP design for harvesting solar and wind energy combined with algal growth facilities that would greatly optimize land use can be envisioned.
As an example, a typical US southwestern wind power plant that spans 10,000 acres and comprises two hundred 2.5-MW wind turbines can produce 500 MW of power (Subhadra 2010 ). The same land in an IREP design can also be used to deploy solar panels to harness an additional 100 MW of solar energy. Algal growth facilities and biorefineries configured within these IREPs can produce about 50 million gallons of biofuel per year, with many other value-added coproducts, with an environmental impact nearly zero.
The study of Clarens et al. (2010) addressed the shortcoming "well-to-wheel" including the conversion of each biomass into transportation energy sources. The alga conversion pathways resulted in a combination of biodiesel and bioelectricity production for transportation evaluated by vehicle kilometers traveled (VKT) per hectare. In this study, it was assumed that bioelectricity and biodiesel are used in commercially available battery electric vehicles (BEVs) and internal combustion vehicles (ICVs), respectively.
The authors depicted four pathways:
A. Methane-derived bioelectricity of the bulk algae biomass by anaerobic digestion B. Biodiesel from algae lipids and methane-derived bioelectricity from the residual biomass by anaerobic digestion C. Biodiesel from algae lipids and bioelectricity from the residual biomass by direct combustion D. Bioelectricity from the bulk algae biomass by direct combustion
The four pathways follow various nutrient sources (e.g., virgin commercial CO 2 , CO 2 from a coal-fired power plant, compressed CO 2 from flue gas, commercial fertilizers, and wastewater supplementation).
The authors found that algae-to-energy systems depend on the combination of cultivation and conversion processes used and concluded that the conversion pathways involving direct Fig. 3 Integrated renewable energy and an algal biorefinery concept: a framework for the production of biofuel and high-value products with zero net carbon emissions (from Subhadra 2010) combustion for bioelectricity production generally outperformed systems involving anaerobic digestion and biodiesel production. They ranked the four pathways as D > A > C > B in terms of energy return on investment.
The authors found an algae bioelectricity (D) generation of 1,402,689 MJ/km and algae biodiesel + bioelectricity (C) generation of 1,110 MJ/km. These algae-to-energy systems generate 4 and 15 times as VKT per hectare as switch grass or canola, respectively.
Economic feasibility of microbial biorefineries
A major concern in the mass production of biofuel from microorganisms is still the higher cost of production. In an integrated microbial process, microbes produce many valuable products (part of them by biotransformation, with the others obtained from the microbial biomass) that can substantially reduce the cost of the overall process. This reduction could make the process profitable (Subhadra 2010) , being fundamental to evaluate and fully market all the coproducts, to be used in pharmaceuticals, livestock feed, fertilizer, and electricity. However, the market size of each coproduct should be closely evaluated to understand the level at which the market may become saturated (Richardson et al. 2012) .
However, to our best knowledge, there are no literature concerning costs for integrated microbial processes nor the comparative costs between a biorefinery as a whole and the respective microbial biomass production costs alone. Nonetheless, there are a few works reporting partial economic balances regarding microalgal production. Ferreira et al. (2013) reported an economical study (besides energy balance and CO 2 emissions) for a Nannochloropsis sp. biorefinery where a preferential production of oil (for biodiesel) and pigments (for feed and food) extracted by supercritical fluid extraction and the production of H 2 by dark fermentation of the residual microalga biomass were pointed out.
One of the most complete reports on microalgal production profitable was published by which describes an annual production of 10,000 tons of algae with a value of US$ Bio 6.5, separated by categories as follows: nutraceuticals (2.5), carotenoids (1.4), aquaculture (0.7), bio-oils (DHA) (1.5), and other (0.4). In the same work, the authors pointed a list of intermediate/final products/ feedstocks from a "biorefinery" approach (bulk chemicals and fuels) from 1,000 kg of microalga: 400 kg lipids (100 kg as feedstock chemical industry (2€/kg lipids) and 300 kg as transport fuel (0.50€/kg lipids)), 500 kg proteins (100 kg for food (5€/kg protein) and 400 kg for feed (0.75€/ kg protein)), 100 kg polysaccharides (1€/kg polysaccharides), 70 kg of N removed (2€/kg nitrogen), and 1,600 kg oxygen produced (0.16€/kg oxygen) for a potential revenue of 1.65€/ kg biomass.
Final remarks
Production of energy, goods, and services is absolutely necessary. However, it must be economically, socially and environmentally sustainable. The production of microbial fuels remains expensive, but may become affordable in view of the significant development effort being made (Chisti 2007) . This section overviews the main gaps, opportunities, and future directions concerning the integrated microbial processes for biofuels and high value-added products, as a way to improve the cost effectiveness of biofuel production.
Despite the global attention on microbial biofuels and the numerous advantages that heterotrophic microorganisms show over the vegetable crops for biofuel production, there is still scarce information and research on integrated processes based on these microorganisms (particularly bacteria and yeast) for production of biofuels and high value-added products.
In addition, microbial fuels remain economically unsustainable, due to the high production costs, largely caused by the downstream processing stages, particularly the extraction/ separation/isolation/purification steps of the biofuels, chemicals, and other products, as well as the energy consumption of the different steps throughout the production and extraction chain.
LCA is a method for the quantitative determination of all the environmental, economical, and social impacts which occur during the life cycle of a product or service, being crucial to assess the sustainability of the processes and products. Despite its importance, LCA analysis of microbial biofuels and products (including those derived from autotrophic and heterotrophic microorganisms) addressing environmental issues such as climate change (since biofuels have potential to provide greenhouse gas savings and improve air quality), energy issues (security of supply/reduce dependence on fossil fuels), and social issues (employment, rural development) is still scarce.
Nevertheless, integrated microbial processes may have a major role to play in microbial biofuel production when exploiting all the products and biofuels that can be produced by an organism during the same process, considering the whole microorganism as a biotransforming agent and a microbial biorefining factory, taking advantage of all products and fractions of the biomass.
Control bioprocess strategies to increase the microbial biomass productivity still need to be developed, since the percentage of lipids, carbohydrates, and proteins (and cellulosic material in the case of the microalgae) is the first criteria to determine the feasibility of extracting certain products from the microbial biomass. Although genetic manipulation has been used to improve bacterial strains to produce biofuels and products, metabolic pathways need to be engineered to allow other hetero-and autotrophic biosystems to directly produce the desired fuels, chemicals, and materials. Production processes should also be simplified and made affordable by genetic and metabolic engineering.
In what concerns autotrophic microalgae, design of new reactors to develop microbial cultures with a better mass transfer is also a way to increase the biomass productivity and improve the bioprocess efficiency, in order to overcome the low biomass productivities observed in this processes.
The downstream processing (biomass harvesting, product extraction, separation, and purification) also needs further investigation in order to reduce the costs. According to VanthoorKoopmans et al. (2012) , one of the main technical bottlenecks in this step is the separation of the different fractions obtained in a biorefinery, without damaging one or more of the product fractions. Technologies to overcome these bottlenecks need to be developed and should be applicable to a variety of end products of sufficient quality at large quantities. For that, the developed techniques should be mild, inexpensive, and low in energy consumption (Vanthoor-Koopmans et al. 2012) .
The main commercial challenges are concerned with integration into existing value chains and funding difficulties. To overcome these challenges, multiple stakeholders need to play an active and important role in promoting integrated microbialbased processes, in order to develop a bio-based economy.
The sustainability challenges must ensure that the implementation of integrated microbial processes fulfills a number of environmental-social-economic criterions, specifically no loss of biodiversity, no harm to soil, water, and air, no competition with food supply, acceptable social conditions (e.g., job creation, regional developments), and affordable biomassto-product chain.
If all these challenges are achieved, the future of integrated microbial processes seems to be promising, as it is expected to contribute to the growing demand for sustainability, together with the creation of novel energy sources, the replacement of fossil fuels, and the production of a wide range of bio-based products (chemicals and materials) with commercial interest.
